Introduction
50% inhibition of photochemical reduction of NBT.
138 Catalase (CAT) 139 CAT activity was estimated using the method of Sizer (1952) . The assay solution (3 ml) contained 144 Peroxidase (POD) 145 POD activity was measured using the method of Chance and Maehly (1955) with some 146 modifications. The assay solution (1 ml) contained distilled water (545 µl), 50 mM phosphate 147 buffer (250 µl) (pH 7.0), 20 mM guaiacol (100 µl), 40 mM H2O2 (100 µl), and 5 µl enzyme extract. 148 The reaction was initiated by adding the enzyme extract. The increase in absorbance of the reaction 149 solution at 470 nm was recorded every 20 s. One unit of POD activity was defined as an absorbance 150 change of 0.01 min -1 . 151 Ascorbate Peroxidase (APX) 152 7 APX activity was measured using the method of Dixit et al. (2001) . The assay buffer was prepared 153 by mixing 200 mM potassium phosphate buffer (pH 7.0), 10 mM ascorbic acid, and 0.5 M EDTA. 154 The assay solution contained assay buffer (1 ml), H2O2 (1 ml), and 50 µl supernatant. The oxidation 155 rate of ascorbic acid was estimated by following the decrease in absorbance at 290 nm every 30 s 156 (Chen and Asada 1989) . 157 Total phenolics content (TPC) 158 A microcolorimetric method, as described by Ainsworth and Gillespie (2007) , was used Folin-159 Ciocalteu (F-C) reagent for the total phenolics assay. A standard curve was prepared using For protease estimation, leaves were homogenized in a medium comprising 50 mM potassium 164 phosphate buffer (pH 7.8). Protease activity was determined by casein digestion assay as described 165 by Drapeau (1974) . Using this method, 1 U is the amount of enzyme that releases acid-soluble 166 fragments equivalent to 0.001 A280 per minute at 37°C and pH 7.8. Enzyme activity was 167 expressed on a fresh weight basis. 168 
Esterases 169
The α-esterases and β-esterases were determined according to the method of Van Asperen (1962) 170 using α-naphthyl acetate and β-naphthyl acetate as substrates, respectively. The reaction mixture 171 consisted of substrate solution [30 mM α or β-naphthyl acetate, 1% acetone, and 0.04 M phosphate 172 buffer (pH 7)] and enzyme extract. The mixture was incubated for exactly 15 min at 27C in the 173 dark, then 1 ml of staining solution (1% fast blue BB and 5% SDS mixed in a ratio of 2:5) was 174 added followed by incubation for 20 min at 27C in the dark. The amount of α-and β-naphthol 175 produced was measured by recording the absorbance at 590 nm. Blue G-250 dye dissolved in 10 ml 95% ethanol and 20 ml 85% (w/v) phosphoric acid, and diluted 180 8 to 200 ml]. The mixture was allowed to sit for 5 min to form a protein-dye complex before 181 recording the absorbance at 595 nm.
182
Total oxidant status (TOS) 183 TOS was determined using a novel method formulated by Erel (2005) based on the oxidation of 184 the ferrous ion to the ferric ion. The assay mixture contained reagent R1 (stock xylenol orange 185 solution (0.38 g in 500 μL of 25 mM H2SO4), 0.49 g NaCl, 500 μL glycerol made up to 50 mL 186 with 25 mM H2SO4), sample extract, and reagent R2 (0.0317 g θ-anisidine, 0.0196 g ferrous 187 ammonium sulfate II). After 5 min, absorption was measured at 560 nm.
188
Hydrogen peroxide (H2O2) 189 ROS was measured in terms of H2O2 following the instructions provided by hydrogen peroxide 190 assay kit (Beyotime, China). Briefly, 100 mg leaf tissue was extracted with 1 ml 50 mM sodium 191 phosphate buffer (pH 7.4) and centrifuged for 15 min at 12000 g at 4 °C. The supernatant was used 192 to measure OD at 560 nm. H2O2 was then estimated from standard curve.
193

RNA isolation and quantitative real time PCR
194
RNA was extracted from contrasting heat tolerant and sensitive mutants along with cv. Super 195 basmati and IR-64 at three time points; before heat stress (designated as control), 24 h after heat 196 stress (designated as 24-HAS), and after three days of recovery (called RC). RNAPrep Pure Plant 197 kit (TIANGEN, China) was used to isolate total RNA. 1 µg RNA was reverse transcribed into 198 cDNA using HiScript II Q RT Supermix (Vazyme). ChamQ SYBR qPCR Master Mix was used 199 for the qPCR reaction using an ABI Prism 7500 sequence detection system with the programs 200 recommended by the manufacturer. ACTIN1 gene was used as an internal control. qRT-PCR 201 primer sequences for SODA, SODB, CATA, CATB, OsSRFP1 and Actin1 are listed in Table S2 . the material was grown in the field at NIAB, Faisalabad, Pakistan (in northern Punjab province, 209 31.41° N, 73.07° E). For HTS, the same material was grown in district Multan, Pakistan (in 210 southern Punjab province, 30.19° N, 71.46° E) which is usually warmer than Faisalabad. Uniform 211 fields were prepared at both locations to minimize environmental variation for soil properties.
212
Water and fertilizer were applied according to the recommendations of the agriculture department 213 of Punjab, Pakistan. Each field was divided into three plots, with each plot treated as one replicate. The ANOVA displayed highly significant differences (P<0.001) for genotypes, environments and 258 G × E for most traits (Table 1 ). There were a few non-significant relationships, including the effect 259 of environment on carotenoids and TGW, and the effect of G × E on PL and TGW, so these traits 260 would not be useful selection indicators for heat tolerance in rice. (Table S3 ). A G-T biplot was constructed using the first two PCs (PC1 and PC2), which 266 accounted for 15.96% and 12.77% of individual variability, respectively (Figure 1) . Similarly, in 267 the HTS environment, the first 10 PCs had eigenvalues >1 and contributed 81.34% of the 268 cumulative variability (Table S3) , with PC1 and PC2 accounting for 14.24% and 12.65% of 269 individual variability, respectively (Figure 1) . 270 In the normal environment, PC1 was mainly represented by chlorophyll b, lycopene, total 271 chlorophyll content, carotenoids, LDW, protease, MDA, LFW, SOD, SDW, PY, POD, TOS, TGW 272 and PF, while PC2 was mostly characterized by PL, TGW, PH, PY, SMP, LFW, PF, CAT, SFW, 273 LDW, APX and TPC (Table S4 ). In the HTS environment, PC1 was mainly represented by SFW, (Table S4 ).
278
The biplot analysis indicated that under normal conditions, mutants HTT-120, HTT-121, HTT-279 112 and HTT-101, and traits PTP, MDA, PL, PH and TGW were largely dispersed and away from 280 the origin and had high genetic variability (Figure 1) . Similarly, in the HTS environment, mutants 281 HTT-121, IR64, HTT-119, HTT-81, HTT-120, HTT-5 and HTT-117 were highly dispersed and 282 far away from the origin, which indicated high genetic variability and importance of these 283 genotypes for selection. Mutant HTT-117 was very close to traits PH and carotenoids and showed 284 higher phenotypic values for these traits. LFW, SFW, SDW, TGW, RWC, PH, chlorophyll a and 285 carotenoids fall on the positive X-axis and were far away from the origin, which showed high 286 variability and importance of these traits in the HTS environment. In addition, the biplot analysis 287 showed that the studied genotypes and traits had higher genetic variability in the HTS environment 288 than the normal environment. mean data for grain yield and panicle fertility from both years is presented in Figure 4A and 4B.
289
Correlation test revealed association among various traits
323
In addition, data for those seedling-based morpho-physiological and biochemical traits that had Figure 4D ). Unexpectedly, HTS also significantly decreased RWC in HTT-338 121-ranked as tolerant among the mutants with better performance overall-but not as 339 significantly as the heat-sensitive mutants.
340
Antioxidants such as SOD and CAT protect plant cells from the oxidative damage caused by 341 abiotic stress by detoxifying ROS. The heat-tolerant mutants, apart from HTT-102, had higher 342 SOD activity under HTS than the normal environment but the reverse was the case for the heat-343 sensitive mutants ( Figure 5A) . Similarly, HTS induced CAT activity in HTT-121, HTT-112, HTT-344 101 and HTT-102 (heat-tolerant mutants) but significantly reduced SOD activity in HTT-1 (most 345 heat-sensitive mutant) and IR-64 ( Figure 5B ). However, HTT-105 maintained higher CAT activity 346 under HTS, which may be a compensatory response of its defense system. MDA, which shows 347 membrane lipid peroxidation, is an indicator of oxidative damage caused by higher ROS levels.
348
Lower MDA levels were observed in all heat-tolerant mutants (HTT-121, HTT-112, HTT-101 and 349 HTT-102) under HTS than the normal environment ( Figure 5C ). In contrast, HTS increased MDA 350 levels in the heat-sensitive mutants (HTT-105 and HTT-1) and Super Basmati. CMTS estimates 351 the level of cell injury in mutants ( Figure 5D ). Overall, the heat-tolerant mutants (HTT-121, HTT- ROS is one of the major byproducts of temperature stress and induces oxidative stress to plant.
356
The higher MDA level in heat sensitive mutants under HTS give rise to a hypothesis that it might 357 be due to increased ROS level. We thus measured H2O2 from selected heat tolerant and sensitive 358 mutants along with cv. Super basmati and sensitive check IR-64 at seedling stage. H2O2 assay 359 indicated that although ROS was higher under HTS in all the tolerant and sensitive mutants, 360 however, H2O2 was accumulated more significantly in the sensitive mutants and moderately heat 361 tolerant genotypes (super basmati and IR-64) as compared to tolerant mutants ( Figure 7A ). This 362 indicated a more oxidative damage to these sensitive genotypes (HTT-1, HTT-105, super basmati 363 and IR-64) as compared to tolerant mutants, thus leading to susceptibility towards heat stress.
364
These results further suggested that higher H2O2 level in the heat sensitive mutants could be due 365 to the lower activities of antioxidant enzymes particularly CAT.
366
Relative expression of antioxidant genes 367
To further understand the underlying mechanism of heat tolerance in the tolerant mutants, we 368 tested the expression level of few stress responsive genes particularly those involved in ROS 369 producing and scavenging. OsSRFP1 is known to negatively regulate abiotic stresses particularly 370 cold, salt and oxidative stress via enhancing ROS level in rice ( Fang et al. 2015; Fang et al. 2016) . 371 We observed a significant increase in the expression of OsSRFP1 under HTS in the sensitive 372 mutants and moderately sensitive cv. IR-64 ( Figure 7B ). This was consistent with the significantly 373 increased ROS level in these mutants and IR-64 ( Figure 7A ) which points a possible positive 374 correlation between them. This result indicated that OsSRFP1 may negatively regulate heat stress 375 tolerance in rice. We then tested the expression level of antioxidant related genes. The expression 376 level of SODA was overall increased in both the tolerant and sensitive mutants with the most 377 significant increase in IR-64 followed by HTT-1 ( Figure 7C) . SODB also showed more or less 378 similar trend with the highest expression in IR-64 followed by HTT-1 under heat stress condition 379 ( Figure 7D ). This could be due to the negative feedback mechanism of ROS. Since the activity of 380 CAT was significantly increased in heat tolerant mutants and decreased in moderately heat tolerant 381 varieties and sensitive mutants, we tested the expression level of CATA and CATB genes. CATA 382 showed a significant decrease in the expression level under HTS in all the tested mutants along 383 with cv. Super basmati and IR-64 ( Figure 7E ). However, CATB had significantly increased 384 expression in the two most heat tolerant mutants (HTT-121 and HTT-112) but decreased and the reproducibility of data, we re-evaluated selected tolerant and sensitive mutants along with 446 IR-64 for grain yield in temperature-controlled field conditions. We used the four best-performing 447 tolerant mutants and two least-performing sensitive mutants along with parent cv. Super Basmati 448 and IR-64 for the second evaluation in 2016. We observed a similar trend in grain yield and panicle 449 fertility in both years, which verified that the data from 2014 was reproducible and consistent 450 ( Figure 4A and 4B) . In both years, HTS decreased grain yield in the sensitive mutants and Super RWC in heat-sensitive mutants, relative to heat-tolerant mutants. Based on our findings, we 465 suggest that higher RWC could be a useful indirect selection criterion for heat tolerance at the 466 seedling stage.
467
Among the various responses for temperature stress, the antioxidant defense system is a quick ). In our study, SOD and CAT levels increased in heat-tolerant mutants under HTS, while the 473 reverse was true for heat-sensitive mutants ( Figure 5A and 5B) . The increase in CAT was more 474 significant than SOD, due to its involvement in heat tolerance by scavenging ROS. MDA is an 475 indicator of ROS-mediated oxidative damage to plant cells (Cao and Zhao 2008) . Consistent with 476 the results for antioxidant enzyme levels, MDA levels increased more in heat-sensitive mutants 477 under HTS than heat-tolerant mutants ( Figure 5C ), which supported previous findings (Hameed et 478 al. 2012) . ROS is an important trigger of cell death and leads to membrane lipid peroxidation 479 (Hussain et al. 2019) . To see if increased MDA level under HTS in the sensitive mutants is 480 accompanied by higher ROS level, we measured H2O2 from selected heat tolerant and sensitive 481 mutants along with cv. Super basmati and sensitive check IR-64 at seedling stage. A significantly 482 higher level of H2O2 was observed in the heat sensitive mutants and moderately heat tolerant cv.
483
Super basmati and IR-64 ( Figure 7A ) which was consistent with MDA data ( Figure 5C ). This leads 484 to a suggestion that higher MDA level in the sensitive mutants was due to increased ROS 485 accumulation.
486
To understand the molecular mechanism of increased ROS level and lower antioxidant activities 487 in the heat sensitive mutants, we tested relative expression level of some stress responsive genes 488 namely SODA, SODB, CATA, CATB and OsSRFP1 (Fang et al. 2015; Fang et al. 2016; Zhao et al. 489 2018a; Zhao et al. 2018b; Das et al. 2019) . OsSRFP1 has been reported to be negatively involved 490 in salt and cold tolerance in rice via positively regulating H2O2 level (Fang et al. 2015; Fang et al. 491 2016). However, its role in heat tolerance has not yet been reported. In our study, we observed a 492 significant upregulation in the expression of OsSRFP1 in the heat sensitive mutants and sensitive 493 check IR-64 which was consisted with increased H2O2 level in these mutants ( Figure 7B ). This 494 suggested its role as a negative regulator of heat stress tolerance in rice and seems that its role as 495 a negative regulator of abiotic stresses is conserved. Rice SOD and CAT are key stress responsive 496 genes which regulate the level of SOD and CAT enzymes in rice (Zhao et al. 2018a; Zhao et al. 497 2018b). Higher expression of these genes is linked with improved heat tolerance in rice (Zhao et 498 al. 2018a; Zhao et al. 2018b; Das et al. 2019) . In our study, we observed significant upregulation 499 in the expression of SODA and SODB genes mainly in the heat sensitive mutants (Figure 7C,D) .
500
Since ROS is an important regulator of the expression of several genes (Mittler, 2017) . We believe 501 that this increased expression of SODA and SODB genes is due to increased ROS level in these 502 mutants probably via feedback mechanism. Similarly, CATA gene also indicated a significant 503 upregulation in all the tested mutants and control ( Figure 7E ). This could be due to negative 504 feedback regulation of ROS. Notably, the expression of CATB gene was upregulated in the heat 505 tolerant mutants and downregulated in the heat sensitive mutants. This is consistent with the CAT 506 19 activity under heat stress, suggesting a key role of CATB in heat tolerance in rice. CATB has also 507 been reported for its potential role in heat tolerance in rice at reproductive stage (Zhao et al. 2018a ).
508
Here we show that it is also involved in heat tolerance at early growth stages.
509
Based on these results and previous reports (Jagadish et al. 2010; Scafaro et al. 2010; Zafar et al. 510 2018), it could be inferred that the high antioxidant levels under HTS resulted in ROS scavenging, 511 which played a key role in heat tolerance. Thus, higher SOD and CAT activities and lower MDA 512 levels could serve as important selection indices for heat tolerance at early growth stages in rice.
513
Since high temperature results in water loss from plant tissues, it exerts a negative pressure on the 514 cell membrane and causes loss of cell turgidity. The stability of cell membranes thus decides the 515 level of injury to plant cells and organelles. Higher cell membrane stability is therefore an indicator 516 of drought and heat tolerance (Rehman et al. 2016) . Our findings agree with previous studies, as 517 we observed lower CMTS in heat-sensitive mutants than heat-tolerant mutants under HTS ( Figure   518 5D).
519
Based on our findings, mutant HTT-121 was the most heat-tolerant and performed well under HTS.
520
In contrast, HTT-1 was the most heat-sensitive mutant with poor performance for seedling-based 521 morpho-physiological and biochemical traits as well as yield-related agronomic traits. Importantly, 522 various seedling-based morpho-physiological (LFW, RWC, CMTS and MDA) and biochemical 523 (SOD, CAT and H2O2) traits had strong positive associations with higher grain yield and could be 524 used as selection criteria for heat tolerance in rice at early growth stages. PTP had a negative 525 correlation with yield-related traits. Thus, high tiller number is not a good selection trait when 526 breeding for high yield. Although, the role of OsSRFP1 as a negative regulator of salt and cold 527 stress has been reported previously, but we highlight for the first time the role of OsSRFP1 in 528 regulating heat tolerance in rice. Further studies, using overexpression and knockdown approaches 529 could further strengthen these findings. Furthermore, the heat-tolerant mutants HTT-121, HTT-530 112, HTT-101 and HTT-102 could serve as a potential resource for developing mapping 531 populations in further studies, especially quantitative trait loci mapping and map-based cloning of 532 candidate genes related to higher yield under elevated temperature. 
